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ABSTRACT

We present the results of detailed two-flavor

MSW calculationa for solar BB neutrinos. The probabilities

for solar neutrinos to remain electron neutrinos at earth

2
are calculatéd as functions of energy, Am~. and sin228.

and the results are presented in both graphical form and

numerical form. The numerical results are contained on

an IBM PC compatible floppy diskette which also contains

the 85 spectrum. Thus all of the data can be combined to

predict results for any detector ucheme.



In this report we present the detailed results of solar neutrino
oscillation computations in which the effect of matter oscillations as thev
travel through the sun, the MSW effect, 13 taken into account. We
calculate the probabilities, P(ve*ve; E) for electron neutrinos born in
the sun to remain electrcn neutrinos when they arrive at earth as
functions of etheir energv F and the oscillation parameters Amz and 51n22n
associated with two-flavor models. We use the solar density profile of
the standard model and average the computed probabilities over che
production region in the solar core associated with BB neutrinos.
The formalism for these calculations and the method of carrying
them out are described at length in section V and Appendix A of our
original puhlicationl, which we Include as an appendix to this reporec.
Several differences between these computations and our original ones
should be noted:
(1) A larger range of energy with finer increments is provided:
we cover the range 0,05 to 20.0 MeV 1in steps of 0.05 MeV
instead of 1 to 14 MeV {n steps of 1 MeV.,

(2) A more peneral range of parameterd (Am2 and sin22ﬂ) not
necessarily tied to the 17C1 experiment of Davis et “1.2.1
{s provided.

(1) A slightly different electron densicy profile, provided by
J.N. thcall1. was used (sce Fig., 1).

(4) We averaged Fq. 7.2 {n our original publh'utlunl over the

range of didtances of the earth-sun orbic (R"" = to ROk

R - I.")xlnﬂ km and + = 0,017 * R ). We {{nd

vl Wt



) 1 sin(2me /1) '
<sin"(TR__/L)>» = —~|1 - ecos(2-R /L) (1)
ee 2 L (27e/1) ee
1r sin(27=/1L)
<51n(-Ree/L).Cus(wgee/r_), - ; Ll + - (2-,;;_-/_; -sin(ZHRee/L)] (2)

Figures 2 chrough 14 show the resules of our calculations. Each

figure refers to a specific value of Lmz. Lbeginning with 10-& (eV)2 in

5 - 9
? to 10 1n (eV)™ 1in

fipure 2 and decreasing In uniform steps of 1070
figure 14. The upper three curves In each figure correspond to the small
values of sin229 = 0.001, 0.01, and N.1 and are labeled as such; the
lower three curves correspondto the large values sinzzé = 0,3, 0.7, and
1.0 and are again labeled apprecpriately. Precisely the same information
contained in the figures 13 presented in the form of numerical data files
on the floppy diskette.

The behaviour of the probability curves can be understood rather well
from the mer=ral properties of P(ue*ve) as a function of E/hmz. Ay can
he seen from figures 1, 3, and 4 4n our original paper1 (see the Appendix
rn thiy paper), the general shape of P(ve*ve) is that it remains close tn
nne for F./:,m2 less than 105. then drops rapidly to & small value and
remains small for half a deciade or more in E/ﬁmz. depending upon the value
of sin229. and finally begind a4 steady climb back to unity as E/.’.m2
increases to values of order 108 and higher. The earlier part of the curve
corresponds to the adlabati:z approximation which tends tn the "small"
assymptorice value of q!nzﬁ ay F./.‘.m2 increasey: the size of the region

"
in whirh PC “'.'“) has this value de-needs Uphn the Yaitne of q9in" 20 {r.ni R

" "
bedng one decade for sin"20 = 0,01 and two decades for qin™24 ¢ 0,2

(see fipure § of the appendix).  Ax the proababil tty beyins fr« o1imb



back from sinze to unitv, we enter the region of the "sudden", non-adiabatic
approximation.

Let us now conslider the shapes of the probability curves for small
mixing angles as tm? pregresses from 107% to 10717 (ev)z. From figure
2 we see that for the low energy neutrinos we are still in the adiabatic
regime and so the probabilities are large at first, then fall rapidly
to very small values as the energy i1creascs, and tend to stay small.
Some increase occurs towards the high energy end of the sin229 = 0,001
curve because the "suppression gap" is rather small for such a small
mixing angle. As Amz decreases, the neutrino energyv span (0-20 MeV) moves
to the right in the P(ve*ve) versus E/fmz diagram and we move steadily
away from the adiabatic regime into the non-adiabatic one. Consequently
the region of large probabilities disappears as Am2 gets smaller, to be
replaced by a region of small probabilities and then by the region in
which the probability steadily climbs back to unity. This progreruion
vccurs must rapidly for verv small sin229 (=0.001) and less rapidly for
the larger values (=0,1), burt it 1s complete in all cases by the time
Lmz has fallen to 10—8 (eV)z. For smaller values of Amz. cscillaction
lengths become comparable with the earth-sun distance and so we berin
to see in vacuo oscillations coming into play: they are particularly
visible for 51n229 ~0.1.

Turning to the large mixing angle curves, we see thiat thev essentinlly

'6-5

n
begin, for . '\m“~10 17 the "suppression gap" where the probabilit - for

2 2
.,y equals 8in“%; thus the 5in"24 = 1,0 1ine I8 higher than that for
e

(o)

2] i
sin“2 = 0,7, which {n {ts turn {s higher than sin"29 = 0,79, This

" 6w
behaviour conti{nues antdl Am™ falls o about 10 6. s dat which polot we



begin to move into the non-adiabatic regime. Since the 'suppression gap"
is narrower for smaller sin229, the lowest value shown, namely sinzze = 0.3
is the first to begin increasing to unity; it is then followed by the
sin229 = 0,7 curve, and finally by sin226 = 1.0. By the end of this
process, between Amz - 10-7'5 and 10—8 (eV)z. the order of probabilities
has been inverted, the sin226 = 0.3 having the highest probability for
ve*ue at any energy, fnllowed by sin228 = 0.7, and then 1. For smaller
values of lmz. the effects of 1in vacuo oscillations between the sun and
the earth begin to set in; superimposed upon these oscillations is a
"beat" phenomenon associlated with the factor {ain(27e/L) / (27e/L)} in
equations (1) and (2), which arises from the average between the apogee
and perigee of the orbit of the earth. The mean values of the probabilicies
are given by the standard formula P(ve*ve) =1 -1/2 sinzze.

The u4sefulness of these graphs 1s demonstrated in our recent work
with J.N. Bahcall on the MSW effect in solar neutrino-electron scat:eringa.
We computed products of tna from G(E)FV(E)P(E/Amz) where 0 is cthe cross-
section for vgTe or vu-e scattering, FV(E) is the flux of solar 8B neutrinos
(see figure 15), and P(E/Amz) are the probabilities for ve*ve at earth
or 1-P for ve*vu at earth (figures 2 through 14). From these productsd
we can extract the spectrum of electrons ay a function of their energles

and the total event rates as a function of Amz.



IBM FLOPPY DISKETTE: COMPUTER FILE INFORMATION

Upon request, we can send you a copy of a standard 5 1,4" double-sided
double-density floppy diskette formatted for IBM personal computers. The
files are standard ASCII files and ce<ia be used by a personal computer or
uploaded to n mainframe.

BBSPEC.DAT 1s the 8B solar neutrino spectrum with the range: 0.05 to
20.0 MeV 1in increments of 0.05 MeV (it contalns 400 points). An example
Fortran-77 program to read the file 1s given below:

DIMENSION ENERGY(400),B8(400)

OPEN(UNTT=1,NAME="'B@SPEC.DAT',STATLUS="OLD', FORM="'FORMATTED')

5 FORMAT(F7.4)

DO 10,1I=1,400

ENERGY (I)=FLOAT(I)*0.05

READ(1,5)B8(I)

10 CONTINUE

CLOSE(UNIT=1)

STOP

END

The probability spectra (Figs. 2 through 14) are contained in files
of the form B8##P# DAT, each contalning 2406 points. B81NPN.DAT
corresponds to Lng(Amz) = -10.0, BB0O7P5.DAT corresponds to Lng(lmz) = -7.9,
etc. Within cach file there Is the ftilrst value of sin22“ followed hv
AO00 poluts (0,05 to 20,0 MeV by 0,05 MeV) followed hy the next value

) 9
of win"2¢ and lts specerum, ote. There are six values of $sIn“281in the



following order: 0.001, 0,01, 0.1, 0.3, 0.7, and 1.0 . Note: 2406=(1+400)*6 .

An example Fortran-77 program .o read the files is given below:
DIMENSION SS2T(6),ENERGY(4N0),PROB(400)
CHARACTER*15 FILE
5 FORMAT(F7.4)

IYPE *,'ENTER FILE TO BE READ'
ACCEPT *,FILE
OPEN(UNIT=1,NAME=FILE,STATUS='0LD',FORM='FORMATTED')
DO 10,I=1,6
READ(1,5)SS2T(I)
DO 20,J=1,400
READ(1,5)PROB(I,J)
IF(I.EQ.1)ENERGY (J)=FLOAT(J)*0.05

20 CONTINUE

10 CONTINUE
CLOSE(UNIT=1)
STOP

END
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NOTES FOR FIGURES 2 IHROUGH 5:

The neutrino oscillation length goes as E/Amz. For small values of
E/.‘_m2 greater detall is required as the neutrino propagates through the
sun. This becomes exceedingly time consuming for certain values of
E/Amz. Therefore we did not compute probabilities below 5 MeV for
Log(Lmz) = -4.0 through -5.5. For smaller values of Amz, F./Am2 1y

large enough so that computations below 5 MeV were carried out.

Mout BB detection schemes '"look" at energies higher than 5 MeV anyway:
therefore, we simply set the probabilies in Flgs. 2 through 5 equal to
zero below 5 MeV so that the computer files are of the sume format

for all values of Amz. «n the event that we decide to calculate the
rest of the probubilities w2 will make updates of the graphs and ‘onputer
files. If vou find that you vced these probabilities at present, then -
vou can try tc Interpolate the Jota biaded on che graphs and the theorices

of the MSW effect and add the rew data to the filews.
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